Breast cancer may be related to oxidative stress. Breast cancer patients have been reported to have lower antioxidant enzyme activity than healthy controls and the polymorphism GPX1 Pro198Leu has been associated with risk of lung and breast cancer. The purpose of the present nested case-control study was to determine whether GPX1 Pro198Leu and glutathione peroxidase (GPX) activity in prospectively collected blood samples are associated with breast cancer risk among postmenopausal women and whether GPX activity levels are associated with other known breast cancer risk factors. We matched 377 female breast cancer cases with 377 controls all nested within the prospective 'Diet, Cancer and Health' study of 57 000 Danes. Carriers of the variant T-allele of GPX1 Pro198Leu were at 1.43-fold higher risk of breast cancer compared with non-carriers (95% CI ¼ 1.07--1.92). Pre-diagnostic GPX activity tended to be lower in cases compared with controls. GPX activity was positively correlated with intake of alcohol (P 5 0.0001) and the catalytic activity was lowered 5% for each additional copy of the variant T-allele (P ¼ 0.0003). Alcohol intake was correlated with increased GPX activity for the C-allele but not for the T-allele. Results from this prospective study suggest that the GPX1 Pro198Leu-associated lowered GPX activity is associated with higher breast cancer risk among Danish women.
Introduction
In the Western world the incidence rate of breast cancer is high especially among postmenopausal women. In Denmark, one in ten women will develop breast cancer before the age of 75. Although the risk factors identified for breast cancer are mainly endocrine and reproductive in character, it has also been suggested that breast cancer in part may be related to oxidative stress (1--6) and specifically lipid hydroperoxides have been implicated (7, 8) . The antioxidant enzyme glutathione peroxidase 1 (GPX1, EC 1.11.1.9) is part of the enzymatic antioxidant defence preventing oxidative damage to DNA, proteins and lipids, by detoxifying hydrogen-and lipid peroxides. A polymorphism in the GPX1 gene (GPX1 Pro198Leu, rs1050450) encoding the isoenzyme GPX1 expressed in erythrocytes (9) as well as in several epithelial tissues including breast, has been associated with risk of lung (10) and breast cancer (11) . The latter study reported a 1.9-fold [95% confidence interval (CI) ¼ 1.0--3.6] higher risk of breast cancer among homozygous carriers of the variant allele. They found that the GPX1 198Leu enzyme had lower selenium-activation of GPX activity when transfected into MCF-7 cells. This indicates that the amino acid substitution may have a biological phenotype. No correlation between genotype and GPX activity in erythrocytes was reported in a study where genotype and activity were correlated in 66 persons (12) . GPX activity has been measured in the blood compartment and shown to be lower in women with breast cancer compared with healthy controls (13--16) .
It is believed that environmental as well as genetic factors are implicated in the development of breast cancer and consequently it is important to assess both genetic and non-genetic variability in the activities of defence enzymes in relation to cancer. Several factors have been observed to affect the activity of GPX. In a recent human intervention study it was shown that the intake of fruit and vegetables significantly increased the activity of GPX in human erythrocytes (17) and selenium supplementation is well known to increase GPX activity in populations with a low intake of this trace element (540 mg/day) (18, 19) . Alcohol induces lipid peroxidation and has been reported also to decrease erythrocyte GPX activity in some human studies but not in others (20--22) . It is thus plausible that different dietary and lifestyle factors may influence GPX levels, but whether this plays a role in breast cancer risk is not known.
We wanted to clarify whether erythrocyte GPX activity levels were correlated with GPX1 Pro198Leu genotype and whether GPX1 Pro198Leu and GPX activity were associated with subsequent risk of developing breast cancer in postmenopausal women. We performed a nested case-control study within the 'Diet, Cancer and Health' prospective cohort study.
Materials and methods

Subjects
The subjects were selected from the Danish 'Diet, Cancer and Health' study, an ongoing prospective cohort study (23) . Between December 1993 and May 1997, 79 729 women aged 50--64 years, born in Denmark, living in the Copenhagen and Aarhus areas and having no previous cancers at the time of invitation, were invited to participate in the study. A total of 29 875 women accepted the invitation.
They were asked to fill in a 192-item food frequency questionnaire of which 44 of the items exclusively concerned intake of fruit, vegetables, or fruit/vegetable juice (24, 25) and a lifestyle questionnaire, including questions about reproductive factors, health status, social factors and lifestyle habits.
Of the initial 29 875 women, a total of 326 women were excluded from the study because they were diagnosed with a cancer prior to enrolment. Further 4844 women who were not postmenopausal at study entry and 8 women who
Abbreviations: CI, confidence intervals; GPX1, glutathione peroxidase 1; Hb, haemoglobin; HRT, hormone replacement therapy; OR, odds ratio; RR, rate ratio.
did not fill in the lifestyle questionnaire were excluded. A total of 24 697 postmenopausal women were eligible for analysis.
Cohort members were followed-up for breast cancer occurrence from date of entry until either the date of diagnosis of any cancer (except for nonmelanoma skin cancer) using record linkage to the Danish Cancer Registry, date of death, date of emigration or December 31, 2000, whichever came first.
A total of 434 women were diagnosed with breast cancer during the followup period. For each case with diagnosed breast cancer, one matched control was selected. The control was cancer-free at the exact age at diagnosis of the case and was further matched on age at inclusion into the cohort (half-year intervals), on use of hormone replacement therapy (HRT) (current/former/ never) and on certainty of postmenopausal status (known/probably postmenopausal) at inclusion into the cohort. Known postmenopausal women were either (i) non-hysterectomized and reporting no menstruation during 12 months before inclusion; (ii) reporting bilateral oophorectomy; or (iii) reporting age at last menstruation lower than age at hysterectomy. Probably postmenopausal women were either (i) reporting menstruation during the 12 months prior to inclusion and current use of HRT (we assumed the bleeding was caused by HRT); (ii) reporting hysterectomy with a unilateral oophorectomy or an oophorectomy of unknown laterality; or (iii) reporting last menstruation at the same age as age of hysterectomy. Thirteen pairs were excluded due to lack of blood samples or failure in determination of GPX1 polymorphism or erythrocyte GPX activity in either case or control, leaving 422 pairs for study in this nested case-control study. The analysis was carried out with 377 pairs for whom all information was available.
'Diet, Cancer and Health' and the present sub-study were approved by the regional Ethical Committees on Human Studies in Copenhagen and Aarhus [jr.nr.(KF)11-037/01] and by the Danish Data Protection Agency.
Blood sampling and storage
From non-fasting participants a total of 30 ml blood was collected in citrated (2 Â 10 ml) and plain (1 Â 10 ml) Venojects from each participant. Plasma, serum, lymphocytes and erythrocytes were isolated and frozen at À20 C within 2 h. At the end of the day of collection, all samples were stored in liquid nitrogen, at À150 C.
GPX1 Pro198Leu polymorphism
DNA was isolated from frozen lymphocytes as described (26) . Generally, 100 mg DNA was obtained from 10 7 lymphocytes. The GPX1 Pro198Leu polymorphism (rs1050450) was genotyped by real-time PCR on a Sequence Detection System ABI 7700 (Applied Biosystems, Nrum, Denmark) as described previously (10) . Controls were included in each run and repeated genotyping of a random 10% subset yielded 100% identical genotypes.
Erythrocyte glutathione peroxidase activity GPX activity was determined spectrophotometrically in erythrocyte lysates on a Cobas Mira analyser (F. Hoffmann-La Roche Ltd, Basel, Switzerland) according to Wheeler et al. (27) using t-butyl hydroperoxide as substrate and related to the amount of haemoglobin (Hb) in the blood sample. All measurements were carried out by simultaneously analysing the case with the corresponding control in the same batch. Hb and enzyme measurements of the matched sets were performed on the same day. Hb content was determined using a commercially available kit (Randox, Ardmore, UK, cat. no. HG 980). Control samples were included thrice in each batch (one in the beginning, one in the middle and one at the end of each batch). Inter-and intraday variations in GPX activity for the control samples were 4.7 and 2.3%, respectively.
Diet and lifestyle variables
From food frequency and lifestyle questionnaires, we obtained information on dietary intake of fruit and vegetables, total intake (both dietary and supplemental) of selenium, present smoking habits (yes/no) and intake of alcohol (g/day).
Statistical analysis
Due to the study design using incidence density sampling of controls with match on age at diagnosis, matched logistic regression analyses leads to estimation of breast cancer rate ratios (28) corresponding to a Cox proportional hazard model for the full cohort with age as the time axis.
The associations between GPX1 genotype, GPX activity and breast cancer are presented as crude rate ratios as well as adjusted for potential breast cancer risk factors. Two-sided 95% confidence intervals (CI) for the rate ratio (RR) were calculated based on Wald's test of the Cox regression parameter, i.e. on the log RR scale.
To determine the effects of fruits and vegetables, intake of selenium (from diet and supplements), intake of alcohol, smoking or genotype on GPX activity, a covariance model was used. The covariance model was used for interaction analyses between alcohol intake and GPX1 genotype with respect to breast cancer risk.
All quantitative variables were entered linearly in both the Cox model and the covariance model, because this is biologically more reasonable than the step functions corresponding to categorization and, furthermore, increase the power of the analyses (29) . For the Cox model, the linearity of the associations was evaluated graphically by linear splines with three boundaries placed at the quartile cut points according to the exposure distribution among cases (30) . None of the associations showed signs of inflection or threshold values. The GPX activity was entered log2 transformed in the Cox models, because a doubling of activity was considered a biologically reasonable increment. As GPX activity was found to be normally distributed among the participants, the activity was entered untransformed as the dependent variable in the covariate models. All other linear variables included in the covariate models were evaluated by residual plots to tests for normal distribution. They were all found to be normally distributed.
The procedures PHREG and GLM in SAS, release 8.2; SAS Institute, (Cary, NC) on Unix platform were used for the matched logistic regression analyses and the covariance analyses, respectively.
Results
Baseline characteristics of women diagnosed with breast cancer and their matched controls are presented in Table I as Oxidative stress and breast cancer medians and 5 and 95% percentiles. The findings regarding fruit and vegetable intake, alcohol and HRT use have been reported elsewhere (31--33) . The genotype distribution of GPX1 Pro198Leu was in Hardy-Weinberg equilibrium among the controls. In Table II , both unadjusted risk estimates and risk estimates adjusted for duration of HRT, previous benign breast disease, length of school education, parity (parous yes/no, number of births, age at first birth) and BMI are presented. Adjustment did not change the risk estimates. Heterozygous carriers of the variant T-allele had a 1.48-fold higher risk of breast cancer (95% CI ¼ 1.09--2.01) and homozygous carriers of the T-allele had 1.22-fold higher risk of breast cancer (95% CI ¼ 0.70--2.12) than homozygous carriers of the C-allele (Table II) . Thus, carriers of the variant allele had 1.43-fold higher risk of breast cancer (95% CI ¼ 1.07--1.92) than homozygous carriers of the wild-type C-allele had.
GPX activity was measured in erythrocytes that were collected at the time of entry into the 'Diet, Cancer and Health' cohort. There was little difference in GPX activity between cases and controls (Table II) . Low GPX activity was associated with a lowered risk of breast cancer that was not statistically significant (IRR ¼ 0.70, 95% CI ¼ 0.45--1.10, Table II ). When subdivided into quartiles on the basis of GPX activity, higher GPX activity was associated with lower risk of breast cancer, although only the risk estimate for the fourth quartile was significantly lowered (IRR ¼ 0.65, 95% CI ¼ 0.43--0.99) (Table II) . Sample storage time (3--8 years) was not correlated with activity of GPX (r 2 ¼ 0.0028, P ¼ 0.12) (results not shown). In univariate analyses (Table III) , the correlation between intake of fruit and vegetables, alcohol, smoking, selenium intake and GPX1 Pro198Leu genotype was investigated. Intake of fruit and vegetables was not found to be correlated with GPX activity (P ¼ 0.42), but a positive correlation between alcohol intake and GPX activity was found (P 5 0.0001). In smokers, GPX activity tended to be lower compared with non-smokers (P ¼ 0.08). Dietary selenium tended to be correlated with higher levels of GPX activity (P ¼ 0.05). GPX1 Pro198Leu genotype and GPX activity were strongly correlated. GPX activity was lowered 4.2 U/g Hb corresponding to 5% for each additional copy of the variant T-allele (P ¼ 0.0003). This correlation was found both in cases and in controls (Table IV) . Thus, the two strongest predictors found for GPX activity were alcohol consumption and GPX1 Pro198Leu genotype. The investigated variables explained 6% of the total variation in GPX activity (Table III) .
In the present study group, the variant allele of GPX1 Pro198Leu polymorphism was correlated with lower GPX activity and associated with increased risk of breast cancer. This indicates that low GPX activity may be a risk factor for breast cancer. Alcohol intake is, on the other hand, both a risk factor for breast cancer and positively correlated with GPX activity. We investigated whether the GPX1 Pro198Leu polymorphism modified the positive correlation between GPX activity and alcohol intake. Among homozygous C-allele carriers, GPX activity increased 2.8 U/10 g alcohol/day (P 5 0.0001) (Table IV) . Among heterozygous carriers, GPX activity only increased 1.8 U/10 g increased alcohol intake (P ¼ 0.01). Among homozygous T-allele carriers, GPX activity did not increase with increased alcohol intake. Thus, it seems that alcohol increases GPX activity in the wild-type C-allele, but not in the variant T-allele. Mutual adjustment of GPX activity and alcohol did not change their risk estimates The table gives the increase in GPX activity per dose.
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in relation to breast cancer (Table II) . Among homozygous carriers of the T-allele, GPX activity was lower among present smokers compared with non-smokers (Table IV) . This decrease was much smaller and not statistically significant, among homozygous and heterozygous carriers of the wild-type C-allele.
The correlation between GPX activity and intake of fruit and vegetables, and selenium intake were not modified by GPX1 Pro198Leu genotype (results not shown). Table V shows risk estimates for the combinations of GPX1 genotypes and alcohol consumption. Since only 3% of the present study group were non-drinkers, low alcohol consumption was defined as 53 g/day (~2 drinks/week). This subgroup constitutes 25% of the study group. Homozygous C-allele carrier who drank 43 g alcohol/day had 1.52-fold (95% CI ¼ 0.94--2.45) higher risk of breast cancer than similar nondrinkers. Non-drinking heterozygous T-allele carriers had a 1.47-fold (95% CI ¼ 0.78--2.78) higher risk of breast cancer compared with non-drinking homozygous C-allele carriers. Non-drinking homozygous T-allele carriers had a 2.19-fold (95% CI ¼ 0.82--5.89) higher risk of breast cancer compared with non-drinking homozygous C-allele carriers. Heterozygous and homozygous T-allele carriers who drank 43 g alcohol/day had 2.09 (95% CI ¼ 1.31--3.35) and 1.33-fold (95% CI ¼ 0.63--2.80) higher risk of breast cancer than nondrinking homozygous C-allele carriers.
Discussion
In this prospective study we found relationships between a well-known GPX1 polymorphism, erythrocyte GPX activity and breast cancer risk among postmenopausal women. We also found that alcohol intake and GPX1 Pro198Leu genotype were the strongest predictors for GPX activity and that GPX1 genotype modified the correlation between alcohol intake and GPX activity.
We found evidence of erythrocyte GPX activity induction by alcohol. Others have reported either a decrease in GPX activity in alcoholics or found no effect of alcohol consumption on erythrocyte GPX activity among middle-aged individuals (21, 22, 34) . These studies included much fewer persons than the present study. We found that the correlation between alcohol consumption and GPX activity was modified by the GPX1 Pro198Leu genotype. Thus, differences in genotype distribution between the study groups may contribute to the contradictory findings.
We found that GPX activity tended to be lower in present smokers. It has previously been reported that smoking results in lower GPX activity (35) . When subdivided by GPX1 Pro198Leu genotype, lowered GPX activity was only associated with the variant T-allele.
We found that carriers of the variant T-allele of the GPX1 Pro198Leu polymorphism had a slightly higher risk of breast cancer compared with homozygous wild-type individuals. It was reported previously that carriers of the variant allele were at higher risk of lung cancer compared with homozygous carriers of the wild-type allele (10), whereas no association was found with risk of basal cell carcinoma (36) or colorectal cancer (37) . Few studies have explored GPX1 Pro198Leu polymorphism in relation to breast cancer. A case-control study by Hu and Diamond (11) found a higher frequency of homozygosity for the variant allele in breast cancer tissue when compared with lymphocyte DNA from controls. Whether this reflects higher risk for developing breast cancer by carrying this genotype or loss of heterozygosity during tumour development could not be determined in that study. A larger case-control study of 399 pre-and postmenopausal women with breast cancer compared with 372 healthy women by Knight et al. (38) could not confirm these results. They reported a slightly lower, but not statistically significant, risk among carriers of the variant allele (OR ¼ 0.89, 95% CI ¼ 0.67--1.18). No association between the polymorphism and breast cancer risk was observed in the prospective Nurses' Health Study where 1323 women with breast cancer were compared with 1910 controls (39) . Thus, heterozygous carriers had a slightly lower risk of breast cancer (OR ¼ 0.91, 95% CI ¼ 0.77--1.07) and homozygous carriers had 1.07-fold increased risk of breast cancer (95% CI ¼ 0.82--1.40). The allele frequency of the variant allele in this study group was 0.28 and thus very similar to a previous study of Danes (36) . The allele frequency was slightly higher, 0.325 and 0.394 in the two GPX activity is presented as medians (5, 95%), as change in GPX activity per 10 g alcohol intake per day and as change in GPX activity depending on smoking status (present smoker/present non-smoker).
a Change measured in U/g Hb/10 g alcohol/day. b Activity for present smokers compared with non-smokers, measured in U/g Hb.
Oxidative stress and breast cancer previously mentioned studies (11, 38) . Danish women in the 'Diet Cancer and Health' cohort have high alcohol consumption (40) , which is associated with an increased breast cancer risk. The different associations between GPX1 Pro198Leu and breast cancer risk may be a consequence of different alcohol consumptions in the different populations. Only 3% of the women in the present study group are abstainers and this subgroup is in other respects very different from the rest of the study group. We therefore chose to increase the non-drinker group to include women with a low alcohol intake of 3 g/day. Our results indicate that the GPX1-198Leu variant has 10% lower GPX activity than the wild-type enzyme and that the activity of the variant enzyme is not increased in response to alcohol consumption. In the rather larger group of heterozygous carriers, who presumably have equal amounts of GPX1-198Leu and GPX1-198Pro, alcohol intake was associated with the same ca. 50% increased risk as was observed for homozygous wild-type carriers. This would indicate that the association between alcohol intake and breast cancer is independent of the GPX1 genotype. On the other hand, the risk estimates for the small group of homozygous T-allele carriers indicated that alcohol consumption was not associated with increased breast cancer risk for the variant T-allele. Therefore, larger studies preferably with a larger group of abstainers are required to resolve the biological interplay between alcohol consumption and GPX1 genotypes.
We found a highly significant correlation between the GPX1 polymorphism and erythrocyte GPX activity. GPX activity was lowered gene-dose dependently. This is in contrast with a much smaller study by Forsberg et al. (12) who could not detect a difference in GPX activity between the genotypes. Increased alcohol consumption was correlated with increased GPX in homozygous C-allele carriers and to a lesser extent among heterozygous carriers. However, the lack of alcohol induction of the GPX1-198Leu enzyme could not explain the correlation between genotype and GPX activity (results not shown), indicating that the Pro to Leu substitution is correlated with lowered GPX activity. It is, however, entirely possible that the change in activity is caused by another polymorphism that co-segregates with the studied polymorphism. There are several such candidate polymorphisms in GPX (http:// egp.gs.washington.edu/directory.html). Lower activity associated with carrying the variant allele has been reported for another polymorphic antioxidant enzyme, (Cu-Zn)-superoxide dismutase (41) and was explained by increased instability of the enzyme. A non-conservative substitution such as the Pro to Leu substitution could affect the stability or catalytic activity of the enzyme. Recently, it was shown that exposure of cells to adenosine led to a two-fold induction of GPX activity by increasing the stability of the GPX1 mRNA (42) .
GPX activity was slightly lower in breast cancer cases than in controls, but this did not reach statistical significance. A number of case-control studies have measured erythrocyte antioxidant enzyme activities in breast cancer. Significantly lower activities of GPX in breast cancer patients compared with healthy controls was found by Kumar et al. (14) , and confirmed by Kumaraguruparan et al. (15) and Abiaka et al. (13) . To our knowledge, this is the first study where GPX measurements are based on pre-diagnostic blood samples.
Results from this prospective study suggest that the GPX1 Pro198Leu-associated lowered GPX activity is associated with higher breast cancer risk among Danish women.
